The muscarinic M 2 receptor was split at the third cytoplasmic loop into two fragments: the one containing the first five transmembrane regions and the N-terminal part of the third cytoplasmic loop was named M 2trunk , while the other, which contained the last two transmembrane regions and the C-terminal part of the third cytoplasmic loop, was named M 2tail . As seen in many other G protein-coupled receptors, when these two fragments were transfected together in COS-7 cells they rescued the pharmacological profile and the functional activity of the wild- The G protein-coupled receptors (GPCRs) are seven-transmembrane domain proteins that mediate a variety of signaling processes. Several reports have illustrated the capability of GPCRs to be split into fragments and, depending on where the receptor is split, it is possible for the mixture of the coexpressed fragments to show some or all the properties of the wild-type receptor. Typically, binding may be observed if the receptor is cut at extracellular loop 2 or at intracellular loops 2 and 3 (Schöneberg et al., 1995) . However, full activity on coexpression, namely binding and G protein activation, has been observed only when the receptor is split at the intracellular loop 3, between helices 5 and 6, as shown for the rhodopsin (Ridge et al., 1996) , ␣ 2 -adrenergic (Kobilka et al., 1988) , M 2 -and M 3 -muscarinic (Maggio et al., 1993) , vasopressin V 2 (Schöneberg et al., 1996) , gonadotropin-releasing hormone (Gudermann et al., 1997) , neurokinin NK 1 (Nielsen et al., 1998) , and dopamine D 2 and D 3 receptors (Scarselli et al., 2000 (Scarselli et al., , 2001 . The individual fragments are not usually active, although an exception to this rule is seen in the chemokine receptors CCR5 and CXCR4, in which five-transmembrane domains appear to meet the minimum structural requirements for a functional GPCR (Ling et al., 1999) .
upon the amount of the fragment DNA transfected. When the amount of transfected DNA was 4 g/plate and the B max of [ 3 H]NMS at equilibrium was around 200 fmol/mg protein the form of the association was that of classical saturation, but when the amount of transfected DNA was lower the [ 3 H]NMS association reached a maximum binding point and then declined to a lower equilibrium binding level. The form of the association was temperature-dependent: as the temperature was lowered, the maximum binding point tended to be higher. We suggest that this peculiar form of the [ 3 H]NMS association binding to the muscarinic M 2trunk /M 2tail receptor is attributable to a less stable interaction between the trunk and the tail fragments of the split receptor.
The G protein-coupled receptors (GPCRs) are seven-transmembrane domain proteins that mediate a variety of signaling processes. Several reports have illustrated the capability of GPCRs to be split into fragments and, depending on where the receptor is split, it is possible for the mixture of the coexpressed fragments to show some or all the properties of the wild-type receptor. Typically, binding may be observed if the receptor is cut at extracellular loop 2 or at intracellular loops 2 and 3 (Schöneberg et al., 1995) . However, full activity on coexpression, namely binding and G protein activation, has been observed only when the receptor is split at the intracellular loop 3, between helices 5 and 6, as shown for the rhodopsin (Ridge et al., 1996) , ␣ 2 -adrenergic (Kobilka et al., 1988) , M 2 -and M 3 -muscarinic (Maggio et al., 1993) , vasopressin V 2 (Schöneberg et al., 1996) , gonadotropin-releasing hormone (Gudermann et al., 1997) , neurokinin NK 1 (Nielsen et al., 1998) , and dopamine D 2 and D 3 receptors (Scarselli et al., 2000 (Scarselli et al., , 2001 . The individual fragments are not usually active, although an exception to this rule is seen in the chemokine receptors CCR5 and CXCR4, in which five-transmembrane domains appear to meet the minimum structural requirements for a functional GPCR (Ling et al., 1999) .
A detailed study by Schöneberg et al. (1995) has shown that fragments can reach the plasma membrane individually, demonstrating that they can function as autonomous folding domains. This makes the association of the two fragments in the plasma membrane possible, although it does not exclude that they can meet earlier during the maturation process in the intracellular compartments. Jakubik and Wess (1999) , using a sandwich enzyme-linked immunosorbent assay, demonstrated that muscarinic agonists and antagonists or allosteric ligands lead to a significant increase in the efficiency with which M 3 receptor fragments associate. They postulate that ligands can act as "anchors" between the N-(M 3trunk ) and C-terminal (M 3tail ) fragments. In line with this view, they showed that tetramethylammonium, a rather small positively charged ammonium compound, failed to promote the interaction between the M 3trunk and M 3tail polypeptides. Mutagenesis studies suggest that tetramethylammo-nium interacts with a conserved aspartate in transmembrane region III on the M 3 receptor protein ) and that tetramethylammonium binding does not critically depend on residues located on transmembrane regions VI and VII (which are contained in M 3tail ). Gouldson et al. (1997) , on the basis of computational studies applied to the problem of docking adrenergic ligands into a model of the ␤ 2 -adrenergic receptor, proposed a dynamic interaction between receptor fragments. The GPCR heptahelical bundle is a compact structure, and so there is not much space left free for docking adrenergic ligands using interactive molecular graphics. One solution they propose for solving this problem involves a three-stage docking process. In the first stage, the B domain (containing transmembrane regions VI and VII) is moved away from the A domain (containing transmembrane regions I to V). In the second stage, the ligand is docked against the A domain, and in the third stage the B domain is allowed to move back to the A domain during the course of molecular dynamic simulation to generate the final docked conformation.
In this study, using kinetic binding experiments, we observed a peculiar form of the association binding of N-
to the split muscarinic M 2trunk /M 2tail receptor; we suggest that these results are attributable to a less stable interaction between the trunk and the tail fragments of the split receptor compared to the wild-type muscarinic M 2 receptor. Plasmids and Preparation of Mutant Muscarinic Receptor Constructs. We used the human M 2 muscarinic wild-type receptor inserted in a pCD plasmid (Bonner et al., 1987) . The construction of the M 2trunk and M 2tail fragments has been described previously (Maggio et al., 1993) . In particular, the M 2trunk is truncated after Ser-283, while the M 2tail starts before Leu-281. To allow a reproducible expression of the ratio between the two receptor fragments, we used a plasmid construct containing the two transcriptional units of M 2trunk and M 2tail in most of the experiments; the construction of this plasmid has been described before (Maggio et al., 1993) . A set of experiments was performed with an M 3trunk fragment cotransfected with the M 2tail . The construction of the M 3trunk fragment has been described previously (Maggio et al., 1993) .
Materials and Methods

Reagents. N-[
Cell Cultures and Transfection. COS-7 cells were incubated at ϩ37°C in a humidified atmosphere (containing 5% CO 2 ) and grown in Eagle's medium as modified by Dulbecco, which was supplemented with 5% fetal bovine serum, 100 units/ml penicillin, and 100 g/ml streptomycin. Cells were seeded at a density of 2 ϫ 10 6 / 100-mm dish and, 24 h later, they were transiently transfected with the plasmid DNA by the DEAE-dextran chloroquine method (Cullen, 1987) . The total amount of DNA used for each transfection was brought to 4 g by adding an appropriate amount of vector DNA.
Membrane Preparation and Binding Assay. COS-7 cells were transfected with the wild-type M 2 or the split M 2trunk /M 2tail receptor. Three days after transfection, confluent plates of cells were lysed by replacing the medium with ice-cold hypotonic buffer (1 mM Na-HEPES, 2 mM EDTA). After 20 min the cells were scraped off the plate and centrifuged at 17,000g for 20 min at ϩ4°C. The lysed cell pellet was homogenized with a Polytron homogenizer in ice-cold binding buffer (50 mM Tris-HCl pH 7.4, 155 mM NaCl, 0.01 mg/ml bovine serum albumin). Membranes were kept on ice and warmed up to the indicated temperature 15 min before the assay. Binding of [ 3 H]NMS and [ 3 H]QNB was carried out at ϩ30°C in a final volume of 1 ml. Atropine 1 M was used to define nonspecific binding. The bound ligand was separated from the unbound ligand using glassfiber filters (Whatman, GF/B) with a Brandel Cell Harvester, and the filters were counted with a scintillation ␤-counter. Association binding experiments were performed adding, at different times, 200 l of [ 3 H]NMS 2.5 nM (final concentration in the sample 500 pM) or 200 l of [ 3 H]QNB 5 nM (final concentration in the sample 1 nM). To avoid significant dilution of the radioligand concentration, the amount of membranes added to each sample was adjusted to give a total receptor binding (specific ϩ nonspecific) of a maximum of 2.5% of the total radioligand added (about 2,300 dpm against 91,000 dpm).
Solubilization of Receptor Fragments and Binding Assay on Solubilized Receptors. Cells were scraped off the plate into ice-cold buffer (buffer A) containing 20 mM KH 2 PO 4 , 20 mM NaCl, 1 mM EDTA, 0.1 mM PMSF, 0.02% (w/v) sodium azide, 1 mM benzamide, 2 g/ml pepstatin A, 0.2 g/ml leupeptin, and 200 g/ml bacitracin, pH 7.6. They were homogenized in a Polytron homogenizer for 30 s and spun down in a centrifuge for 40 min at ϩ4°C and 100,000g. This step was then repeated in a slightly different buffer (buffer B): 20 mM KH 2 PO 4 , 20 mM NaCl, 1 mM EDTA, and 0.1 mM PMSF, pH 7.4. Protein content was assessed by the method of Lowry and the relative concentration was adjusted to 5 mg of protein/ml. Detergents were added in buffer B to a final concentration of 1% digitonin and 0.06% sodium cholate. The suspension was shaken on a horizontal shaker for 40 min at ϩ4°C and then centrifuged for 40 min at ϩ4°C and 100,000g. The supernatant fraction was stored on ice until required for the binding assay. Binding was carried out in a final volume of 55 l/5 l of soluble receptor preparation and 50 l of [ 3 H]NMS 10 nM in buffer E (20 mM KH 2 PO 4 , 20 mM NaCl, 1 mM EDTA, 5 mM MgSO 4 , 0.1 mM PMSF, pH 7.4) containing 0.3% digitonin and 0.02% sodium cholate. The reaction was carried out at ϩ30°C in Eppendorf microfuge tubes. At the end of the incubation period, 50-l aliquots were loaded in Sephadex G-50 fine (0.8 ϫ 6.5 cm) columns to separate the bound ligand from the unbound one. The fraction of the radioligand bound to the receptor recovered from the column was a maximum of 1.6% of the total radioligand added to each sample (about 1,500 dpm against 91,000 dpm).
Adenylyl Cyclase Assay. COS-7 cells were transfected with the wild-type M 2 or the split M 2trunk /M 2tail receptor plus the adenylyl cyclase V. Twenty-four hours after transfection the cells were trypsinized and re-cultured in 24-well plates and, after an additional 24 h, the cells were assayed for adenylyl cyclase activity. The assay was performed in triplicate as described by Avidor-Reiss et al. (1995) . In brief, the cells in the 24-well plates were incubated for 2 h with 0.25 ml/well of fresh growth medium containing 5 Ci/ml [ 3 H]adenine, and this medium was replaced with 0.5 ml/well of Dulbecco's modified Eagle's medium containing 20 mM HEPES, pH 7.4, 0.1 mg bovine serum albumin, and the phosphodiesterase inhibitors 1-methyl-3-isobutylxanthine (0.5 mM) and RO-20-1724 (0.5 mM). Adenylyl cyclase activity was stimulated by the addition of 1 M forskolin in the presence or absence of carbachol. After 10 min of incubation at ϩ30°C, the medium was removed and the reaction terminated by means of the addition of perchloric acid containing 0.1 mM unlabeled cAMP followed by neutralization with KOH. The amount of [ 3 H]cAMP formed was determined by a two-step column separation procedure, as described by Avidor-Reiss et al. (1995) .
Analysis of the Data. Saturation binding, kinetic association, and dissociation binding data were fitted (whenever possible) by using canonical equations for this type of experiment (Williams and Lefkowitz, 1978) . Displacement experiments of [ 3 H]NMS by the allosteric ligand gallamine were fitted using the equation described by Lazareno and Birdsall (1995) . In association experiments where it was not possible to fit the data with an exponential growth curve, to 
. All parameters were estimated by nonlinear regression, and values at successive interactions of the fitting procedure were adjusted according to the Marquardt (1963) algorithm.
Results
In a first set of experiments, we compared the affinity of [ 3 H]NMS to the wild-type M 2 receptor with that of the split M 2trunk /M 2tail receptor (Fig. 1) . As mentioned under the Materials and Methods section, to keep the ratio between the two fragments stable throughout the experiments we used (when not otherwise specified) a plasmid that contained the two transcriptional units of M 2trunk and M 2tail . Equilibrium binding experiments showed that [ 3 H]NMS binds to the wildtype and to the split muscarinic M 2 receptors with the same affinity ( Table 1 ). In terms of function, the inhibition of the forskolin-stimulated cAMP accumulation by carbachol gave comparable EC 50 values for the M 2 and the M 2trunk /M 2tail receptors, although the extent of the inhibition was slightly different (Table 1) . A substantial difference was observed, however, in the B max . With the same amount of DNA (4 g) the number of binding sites for the split M 2trunk /M 2tail receptor compared to the wild-type M 2 receptor was, on average, 1:7 (Table 1) .
To determine whether the binding kinetic of [ 3 H]NMS to the split and the wild-type M 2 receptor was similar, we measured the association and dissociation rate constants of this compound. Dissociation was started after a 2-h preincubation with 500 pM [ 3 H]NMS by diluting the tissue 100-fold in binding buffer containing 1 M atropine. As can be seen in Fig. 2A , the normalized dissociation binding data of the M 2 receptor were fitted by a mono-exponential decay curve that gives a k off value of 0.29 Ϯ 0.02 min Ϫ1 (Table 2) . [ 3 H]NMS dissociation experiments from the wild-type muscarinic M 2 receptors were performed also in the presence of three different concentrations of cold NMS, 1 M, 0.1 mM, and 1 mM. Figure 2C shows that, at the concentration of 1 mM cold NMS, the rate of dissociation of 3A) and were well fitted by a mono-exponential association curve (the actual amount of binding at equilibrium, in fmol/mg protein, is given in Table 3 ). The association rate constant (k on ) calculated was 14.5 ϫ 10 8 Ϯ 2.87 ϫ 10 8 min Ϫ1 M
Ϫ1
, and the k off /k on ratio was well in agreement with the value of the K D calculated at equilibrium ( Table 2 ). The progression of the association binding data of [ 3 H]NMS to the split M 2trunk /M 2tail receptor was strictly dependent upon the amount of DNA transfected, and therefore on the number of fragments expressed on the membrane. When the amount of transfected DNA was 4 g per plate, and the number of receptors at equilibrium was around 200 fmol/mg protein, the association binding data usually described a normal saturation curve (Fig. 3B ) and were well fitted by a mono-exponential association curve. The k on was not significantly different from that of the wild-type receptor (Table 2) . Again, the k off /k on ratio agreed well with the K D of the split M 2trunk /M 2tail receptor calculated at equilibrium. When the concentration of transfected DNA was progressively lowered, the binding kinetic changed proportionally: in particular, the association binding data reached a maximum after 2 to 10 min and thereafter they started to decline, reaching equilibrium at lower values of binding (Fig. 3B) . The actual amount of binding at the top of the curve and at equilibrium, in fmol/mg protein, is given in Table 3 . In the same experiments with very low levels of transfected DNA (0.25 g), we found that [ 3 H]NMS binding was detectable at the beginning but that it then decreased to undetectable levels. To make the progression of the [ 3 H]NMS binding more evident, these atypical association data were arbi- 
Worthy of note is the fact that the dissociation binding kinetic of [
3 H]NMS did not depend upon the amount of DNA transfected and that the k off values were always very similar (data not shown). In one experiment we kept the amount of the M 2trunk DNA fixed at 1 g and changed the amount of the other fragment DNA to 1, 2, or 3 g. As can be seen in Fig.  3C , when increasing the amount of the M 2tail DNA, the kinetic tends to saturation.
In one set of experiments we tried to reproduce the peculiar form of the association binding of (Table 1) . Furthermore, the values of k off obtained in dissociation binding experiments showed no significant difference between the two receptors (Table 2) .
However, in contrast to what we observed with [ 3 H]NMS, the association binding curve of [
3 H]QNB (1 nM at ϩ30°C) to the M 2trunk /M 2tail receptor did not vary with the amount of DNA transfected. In all the experiments, the data were well fitted by a mono-exponential association curve (Fig. 4) . The association binding curve of [
3 H]QNB to the M 2 receptor was similar, qualitatively and quantitatively, to that found for the split receptor (Fig. 4) . The values of the association rate constant for the M 2 and the M 2trunk /M 2tail receptors are reported in Table 2 .
To determine whether the decrease in binding was due to the modified affinity of the receptor for In one set of experiments performed to exclude that, this phenomenon could be related in some way to the binding of the split receptor to the G protein, we preincubated the tissue with 100 M GTP␥S to dissociate the receptor from the G protein and then we performed the association experiment. GTP␥S did not modify the kinetic of the [ 3 H]NMS association binding (Fig. 7) .
Changes in temperature modify the binding kinetic; therefore, we tested to see how this parameter could influence the progression of the kinetic. We performed parallel experiments at ϩ30, ϩ23, ϩ10, and ϩ 4°C. The decrease in temperature determined an increase in the maximum binding point and a shift in the time at which this value was reached (Fig. 8) .
We studied how the allosteric ligand gallamine changes the binding kinetic of Table 4 shows that the affinity and the cooperativity of gallamine with [ 3 H]NMS did not change substantially between the split muscarinic M 2trunk /M 2tail and the wild-type M 2 receptor. Comparable results were obtained when COS-7 cells were transfected with two different concentrations of plasmid DNA, 2 and 4 g, both for the M 2 and the M 2trunk /M 2tail receptor.
We then calculated the effect of gallamine on the dissociation of [ 3 H]NMS from the M 2trunk /M 2tail and the M 2 receptors. Membranes were incubated with 500 pM [ 3 H]NMS for 2 h, then dissociation was initiated by 100-fold dilution and by the addition of binding buffer containing atropine (1 M) and various concentrations of gallamine. The effect of gallamine on the [ 3 H]NMS off-rates is shown in Fig. 9 . This figure shows how the ratio changes between the k off in the presence of gallamine and the k off in the absence of gallamine (k 0 ), and with increasing concentrations of gallamine. The curves obtained by interpolating the data with the Hill equation were identical, and the Hill slopes were 1.13 Ϯ 0.10 and ]NMS association binding in the presence of the alkylating agent glutaraldehyde. The cells were exposed to increasing concentrations of glutaraldehyde (0.1, 0.5, and 1%) for 60 s; the glutaraldehyde was then removed by repeated washing and cells processed for membrane preparation. We began to see an effect of the glutaraldehyde at the 0.5% concentration but, in contrast to what we were expecting, glutaraldehyde tended to increase the ratio between the maximum binding point and the equilibrium binding point and to decrease the total amount of receptor binding; a representative experiment with 1% glutaraldehyde is shown in Fig. 10A . These results could be interpreted as glutaraldehyde altering the binding site of the receptor for [ 3 H]NMS. To prevent this effect, we saturated receptors with 1 M NMS and then we exposed cells to glutaraldehyde, always in the presence of a saturating concentration of NMS. Thereafter, we removed both glutaraldehyde and NMS by repeated washing. The results were similar to the previous ones shown in Fig. 10A .
We also performed experiments with the wild-type M 2 receptor. We treated the cells with 0.5 or 1% glutaraldehyde as described above. In this case, the glutaraldehyde did not change the profile of the [ 3 H]NMS association kinetic to the wild-type M 2 receptor, but it considerably decreased the binding at equilibrium (Fig. 10B) . These results were not due to a change in affinity, since the K D values calculated in 1% glutaraldehyde-treated cells and in nontreated cells were not significantly different (control, K D ϭ 182 Ϯ 16.4 pM; glutaraldehyde, K D ϭ 158 Ϯ 21.8 pM).
Preliminary experiments were performed with solubilized receptors as well to see if we could reproduce the same association binding profile we saw in membranes. Cells were transfected with different amounts of M 2trunk /M 2tail receptor (4, 2, 1, and 0.25 g), and then the receptor fragments were solubilized in sodium cholate-digitonin (as described under Materials and Methods). Solubilized receptors were exposed for different lengths of time to 9.1 nM [ 3 H]NMS at ϩ30°C and at the end the reaction was stopped by loading the samples in Sephadex G-50 columns to separate the bound ligand from the unbound one. We used a higher concentration of [ 3 H]NMS because the affinity of the radioligand for the solubilized M 2trunk /M 2tail receptors (K D ϭ 1.95 Ϯ 0.16 nM) was reduced compared to the receptors in the membranes. As shown in Fig. 11 , the association binding curves of solubilized receptors showed a normal saturation form, no matter what amount of DNA had been originally transfected (parallel experiments performed on the same membranes from which the receptor fragments were extracted gave the usual pattern described above).
In a final experiment, we tested the ability of a fragmented M 3trunk /M 2tail receptor to bind [ 3 H]NMS. We have previously published that this fragmented receptor is not able to bind [ 3 H]NMS in equilibrium binding experiments (Maggio et al., 1993) . This result was different from that observed with an analogous chimeric receptor, in which the first five trans- at ASPET Journals on July 9, 2017 jpet.aspetjournals.org Downloaded from membrane regions of the M 3 muscarinic receptor were joined to the last two transmembrane regions of the M 2 muscarinic receptor (Wess et al., 1990) . As may be seen in Fig. 12 , in contrast to our previous results we could detect binding for the split M 3trunk /M 2tail receptor right after the addition of [ 3 H]NMS for as long as 15 min, but after 15 min the binding decreased to undetectable levels.
Discussion
Five observations appear to be the most important from a conceptual point of view.
Equilibrium binding and functional experiments do not
show any significant differences between the wild-type M 2 and the split M 2trunk /M 2tail receptor, with the exception of a significant difference in the B max . This supports the view that the two fragments can fold independently of one another and can interact with each other, forming a complex with the pharmacological profile and the function of the wild-type receptor. The difference in B max that is usually observed when receptor fragments are compared to wild-type receptors has been attributed to the reduced trafficking of the fragments to the plasma membrane (Schöneberg et al., 1995) . Nevertheless, as we shall mention below, it could also be due to the fact that part of the fragments are not in a complex, but remain free within the membrane.
Dissociation binding curves of [
3 H]NMS from the wildtype and the split muscarinic receptor are practically identical; on the contrary, association binding curves are substantially different. The association curve of [ 3 H]NMS to the wild-type M 2 receptor has a normal saturation form, and the equilibrium is reached shortly after the addition of the radioligand. The association binding kinetic of [ 3 H]NMS to the split M 2trunk /M 2tail receptor reaches a maximum binding point and then starts to decline to a lower equilibrium binding level. The ratio between the higher binding point and the equilibrium binding level is inversely correlated with the amount of DNA transfected in COS-7 cells, hence with the amount of fragments expressed on the membrane. The less there is of the DNA being transfected, the higher the ratio. From these results, it would appear that in equilibrium binding experiments the potential number of receptors that can be formed by the interacting fragments might be underestimated; therefore, in this case the B max would not be a true parameter that expresses the total amount of proteins present in the membrane.
Increasing the concentration of [
3 H]NMS from 0.5 to 5 nM does not modify the progression of the association binding kinetic. This indicates that the binding loss cannot be explained with a change in affinity in the range of the [ [ 3 H]NMS and make its binding less susceptible to competition by a putative nonlabeled contaminant could probably explain the change in the shape of the curve with the DNA title; the less the receptor is expressed, the lower is the dilution of the radioligand and the nonlabeled contaminant. Nevertheless, the concentration of the receptor in our experiments was a maximum of 2.5% of the total [ 3 H]NMS added, therefore the dilution of the radioligand was negligible.
The kinetic phenomenon that we have described for the M 2trunk /M 2tail receptor explains a result we obtained in the past with another split chimeric receptor constituted by the M 3trunk and the M 2tail fragments (Maggio et al., 1993) . In contrast to the results obtained with a chimeric receptor, in which the first five transmembrane regions of the M 3 receptor were linked to the last two transmembrane regions of the M 2 receptor (Wess et al., 1990) , the split M 3trunk /M 2tail receptor was unable to bind the radioligand [ 3 H]NMS. This led us to postulate that for some reason the fragments change conformation when expressed as two separate proteins, while in the chimeric receptor they adapt to each other. In association binding experiments we have now shown that [ 3 H]NMS binding is indeed present for the slip M 3trunk /M 2tail receptor, but it can be observed only for a brief period of time after the addition of the radioligand, and afterward it fades away to undetectable levels.
